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VctP, one of the two essential siderophore-binding PBPs from the pathogen Vibrio cholerae, plays an
important role in the transport of enterobactin and vibriobactin, which have quite different conﬁg-
urations of iron coordination, from the periplasm to the inner membrane. The current study reports
the crystal structure of VctP from V. cholerae N16961 at 1.7 Å resolution. A structural comparison of
VctP with its homologues and the results of molecular docking indicate that enterobactin and vib-
riobactin share the same binding pocket. Signiﬁcantly, a basic triad consisting of Arg137, Arg226 and
Arg270 is used to balance the three negative charges of ferric-enterobactin, while a basic dyad con-
sisting of Arg137 and Arg270 is used to balance the two negative charges of ferric-vibriobactin.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction and enterobactin respectivelywith high-afﬁnities [5,7,8]. This outerIron is an indispensable element and plays a key role in the
growth and survival of the Gram-negative pathogen Vibrio cholerae
and its ability to cause diarrheal disease cholera. However, the sup-
ply of free iron is extremely limited in a bacterial growth environ-
ment. Thus, V. cholerae has evolved a variety of iron uptake systems
to acquire sufﬁcient iron [1]. Some of them use heme-binding pro-
teins and free heme molecule as iron sources [2,3], whereas others
involve the synthesis and secretion of the catecholate-type sidero-
phore vibriobactin sequestering environmental iron [4]. Further-
more, V. cholerae can also use the siderophore enterobactin,
which is produced by other microorganisms, such as Escherichia
coli, Klebsiella, and Salmonella [5,6].
Proteins contributing to the transport of vibrobactin and ente-
robactin from the exterior of the cell to the cytoplasm have been
identiﬁed and well-studied in V. cholerae. Two receptor proteins,
ViuA and VctA, perched at the outer membrane, bind vibrobactinchemical Societies. Published by E
opyranoside; PMSF, phenyl
ean square deviation; PBP,
nding cassette transportermembrane transport machinery is energized by the TonB system
[9,10]. Both siderophores are transported through the inner mem-
brane with the help of the PBP-dependent ABC-transporter system,
which contains VctPDGC and ViuPDGC, after they cross the outer
membrane barrier and enter the periplasm. These two sets of ABC
transporters organize the iron distribution and constitute the com-
plete array of the catecholate siderophore transport system of vib-
riobactin and enterobactin [5,6].
PBPs have long been observed as essential elements for the sid-
erophore-mediated iron transport system of Gram-negative bacte-
ria and as a necessity for the growth, survival, and pathogenicity of
various microorganisms [11,12]. VctP, one of the two indispensable
periplasmic siderophore-binding proteins from V. cholerae, plays
an important role in the enterobactin and vibriobactin transporta-
tion relay race, which delivers both siderophores to their
corresponding inner membrane permease complexes [5]. An NCBI
blast search shows that VctP is homologous to a series of PBPs
from divergent pathogenic microorganisms (Fig. 1), including
petrobactin-binding protein YclQ from Bacillus subtilis [13], ente-
robactin-binding proteins FetB and CeuE from Neisseria gonor-
rhoeae [14] and Campylobacter jejuni [15] respectively,
anguibactin-binding protein FatB from Vibrio anguillarum [16],
triscatecholate- siderophore-binding protein FeuA [17] from B.lsevier B.V. All rights reserved.
Fig. 1. Sequence alignment of VctP and its homologous proteins. Secondary structure elements are shown as: helices, a-helix; arrows, b-strand. Red: all residues are identical;
blue: one residue is different; yellow: two residues are different.
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with sequence identities ranging from 17% to 30%. The widespread
occurrence of Class III PBP homologues of VctP throughout the
eubacteria suggests that they are crucial to bacterial survival and
infection. The siderophore transport system has been considered
as a very good target for ‘‘Trojan horse’’-like antimicrobial drugs,
which enter the cytosol through the bacterial siderophore trans-
port pathway [18]. Thus, structure determination of proteins such
as VctP will help design this kind of drug.
Structural andbiochemical studies indicate that Class III PBPsbind
iron-laden catecholate siderophoresmainly through interactingwith
the three iron-coordinated catechol groups. Many Class III PBPs have
been reported to recognize several iron-laden catecholate sidero-
phores with same iron coordinations [15,17]. It seems not surprising
that VctP can transport both ferric-enterobactin and ferric-vibriobac-
tin, as it has long been expected that ferric-vibriobactin shares the
same iron coordination with ferric-enterobactin [19]. However, our
recentwork showed that ferric-vibriobactin adopts an iron coordina-
tion in contrast to the classic catecholate siderophores, such as fer-
ric-enterobactin. The three catechol groups of vibriobactin
contribute ﬁve oxygen atoms as iron ligands, instead of six oxygen
atoms for that of ferric-enterobactin. The sixth iron ligand for fer-
ric-vibriobactin is a nitrogen atom from the second oxazoline ring.
Due to the unusual iron coordination, ferric-vibriobactin has two
negative charges, rather than three, and a protrusion of the second
catecholmoiety.Moreover, ferric-vibriobactin can evade the human
immune protein siderocalin although this protein can capturemany
catecholate siderophores with high efﬁciency [20]. In this regard,
VctP which binds two catecholate siderophores with different iron
coordinations differs from its previously reported homologues.
To gain further insight into the molecular mechanism on
how VctP recognizes both enterobactin and vibriobactin, we over-
expressed VctP from V. cholerae (strain N16961) and determinedits crystal structure at 1.7 Å resolution. Our structure combined
with molecular docking provides useful information to understand
the unique function of VctP.2. Materials and methods
2.1. Protein expression and puriﬁcation
The vctP gene was PCR-ampliﬁed from the genomic DNA of V.
cholerae (N16961) and was sub-cloned into the pET-21b (+) vector
between the restriction enzyme cutting sites NdeI andXhoI. In addi-
tion, the N-terminal signal peptide (residues 1–50) of VctP was re-
moved during the cloning process, which produced a truncated
construct with his6 tag (LEHHHHHH) fusion at the C-terminus.
The recombinant plasmid pET-21b (+)-vctP was transformed
into BL21 (DE3) cells and was grown in L Broth media, which
was added with 100 lg/mL ampicillin at 37 C. The growing tem-
perature was reduced to 20 C and IPTG was added up to a ﬁnal
concentration of 0.15 mM/L to induce protein expression when
the bacterial concentration reached an A600 of 0.8–1.0. The cells
were then harvested through centrifugation after 8 h of expression.
The centrifuged cells were resuspended in lysis buffer (20 mM
Tris–HCl buffer pH 8.0, 150 mM NaCl and 1 mM PMSF) and lysed
through sonication. Subsequently, the resulting cell lysate was
centrifuged at 28500g for 45 min. VctP was loaded onto a Ni-che-
lating Sepharose (GE Healthcare) afﬁnity column, which was
pre-equilibrated using lysis buffer. The afﬁnity column was then
washed with buffer (20 mM Tris–HCl buffer pH 8.0, 100 mM NaCl
and 5 mM imidazole). VctP was eluted with 20 mM Tris–HCl buffer
pH 8.0, 100 mM NaCl and 200 mM imidazole. Afterwards, the
eluate was loaded onto an ion exchange column (Source 15Q, GE
Healthcare) and was eluted with a linear 160 mL gradient of
1242 X. Liu et al. / FEBS Letters 586 (2012) 1240–12440–0.4 M NaCl. Finally, a size exclusion (Superdex-200, GE Health-
care) chromatography was performed. Fractions containing VctP
were collected, according to protein purity as analyzed through
SDS–PAGE. The ﬁnal protein concentration of VctP was about
27 mg/mL.
2.2. Crystallization and data collection
The crystallization of VctP was performed using the vapor diffu-
sion method at 20 C by mixing equal volumes of protein and res-
ervoir solution, which contains 0.2 M ammonium acetate, 0.1 M
Tris–HCl buffer pH 8.5 and 20% PEG3350. Crystals appeared as a
cluster of thin needles after about three days, and crystal quality
was improved by adding CuCl2 up to a ﬁnal concentration of
0.01 mM. To prevent radiation damage, the crystal was then equil-
ibrated in the crystallization reservoir solution supplemented with
15% glycerol (v/v) and then ﬂash-frozen in a 100 K nitrogen stream.
Diffraction data were collected at Shanghai synchrotron radiation
facility (SSRF) beamline BL17ul. The crystal belongs to the space
group P212121, with unit cell dimensions of a = 32.112 Å,
b = 73.282 Å and c = 112.819 Å. The data sets were processed using
the HKL2000 software suite [21].
2.3. Structure determination
The VctP structure was solved through molecular replacement
using PHASER [22] from the CCP4 software package [23]. CeuE,
the enterobactin-binding protein (PDB code: 2CHU) from C. jejuni,
with a sequence identity of 28%, was used as the search model. An
automated model building was performed using the ARP/WARP
software [24], and further reﬁnement was performed iteratively
using COOT [25] and PHENIX [26]. The data collection and structure
reﬁnement statistics are given in Table 1. All themolecular graphics
ﬁgures were generated using PyMol (http://www.pymol.org).
2.4. Model docking
AutoDock 4.2 [27] was used to implement enterobactin-VctP-
and vibriobactin-VctP- docking. Enterobactin was restrained with-
in a grid box (48  46  44 points in each dimension) that covered
the pocket of VctP, and the restrained grid box for vibriobactin was
46  44  48 points in each dimension. The crystal structure of the
ViuP–vibriobactin complex (PDB code: 3R5T) was used to identifyTable 1
Statistics of crystallographic analysis.
Data collection
Space group P 21 21 21
unit cell (Å) a = 32.112 b = 73.282 c = 112.819
Resolution (Å) 50–1.70 (1.70)
Completeness 99.7 (98.1)a
Redundancy 8.7 (5.8)
I/r (I) 23.6 (2.28)
Rsym (%)b 8.5 (59.7)
Reﬁnement
Resolution 50–1.70
Rwork/Rfree (%) 19.08/21.32
R.m.s. deviations
Bond lengths (Å) 0.006
Bond angles () 0.978
Ramachandran plot (%)c
Most favored (%) 88
Additionally allowed (%) 11.6
Generously allowed (%) 0.4
Disallowed (%) 0.0
a Values in parentheses are for reﬂections in the highest resolution shell.
b Rsym ¼
P
hkl
P
ijIðhklÞi < IðhklÞ > j=
P
hkl
P
I < IðhklÞi > over i observations.
c As deﬁned in PROCHECK.VctP binding pocket by their similarities. During the process of
modelling both siderophores were used in ﬁxed conformations.
Docking searches were performed using the Lamarckian genetic
algorithm, with a maximum number of 25000000 energy evalua-
tions and other options by default. Ten potential solutions were re-
turned, which were ranked according to their binding energy. The
ﬁrst ranked model was used for the analysis in the Results and dis-
cussion section.
3. Results and discussion
3.1. Overall structure of VctP
The ﬁnal model consists of one VctP molecule (residues 51–329)
and 182 water molecules in the asymmetric unit. VctP shows the
bilobate fold of typical PBPs with 14 a-helices and nine b-strands
[11,13,15,18]. The protein structure is divided into N-terminal
domain (residues 51–179) and a C-terminal domain (residues
204–329), connected by a rigid 24-amino-acid-long-a6 helix (resi-
dues 180–203) (Fig. 2A). TheN-terminal domain possesses a b-sheet
of three all-parallel strands (b3–5) which is sandwiched by ﬁve a-
helices (a1–5); whereas the C-terminal domain contains a mixed
four-stranded b-sheet (b6–9), which is surrounded by several short
a-helices (a7–13) and is endedwitha-helixa14. A cleft appears be-
tween the two a + b domains (Fig. 2B), which is presumed to be the
ligand-binding pocket, based on homology with other known PBP
complexes.
3.2. Relation to other PBP structures
The structural homology search server DALI reports that the
closest homologues of VctP are YclQ (PDB code: 3GFV) and CeuE
(PDB code: 2CHU), with sequence identities of 30% and 28% respec-
tively. The superposition of VctP and YclQ gave an r. m. s. deviation
of 1.54 Å for all 270 equivalent Ca atoms. The r. m. s. deviation be-
tween VctP and CeuE was 1.60 Å for all 265 equivalent Ca atoms. In
addition, VctP also shares a similar structure with other sidero-
phore-binding PBPs, such as hydroxamate siderophore-binding
protein FhuD [11], triscatecholate siderophore-binding protein
FeuA [17], and a-hydroxycarboxylate-type siderophore-binding
protein HtsA [28].
The PBPs exhibit a similar structural fold although they share low
sequence similarity and bind different ligands. The size and shape of
the siderophore-binding pockets among different PBPs are diverse
and may determine the speciﬁcity of siderophore recognition.3.3. Enterobactin and vibriobactin share the same binding site
Based on known homologous PBP structures, the shallow cleft
between the two a + b domains is expected to be the enterobac-
tin/vibriobactin-binding pocket (Fig. S1). Both ferric-enterobactin
and ferric-vibriobactin were positioned through molecular docking
to obtain detailed information (Fig. 2B). A conserved basic triad,
which consists of Arg137, Arg226 and Arg270, directly contacts the
ferric-enterobactin unit through hybrid electrostatic/cation–p
interactions, balancing the three negative charges of ferric-ente-
robactin. Besides, Tyr310 and Lys140 potentially interact with the
siderophore molecule to create hydrogen bonds (Fig. 3A). Interest-
ingly, in the model of ferric-vibriobactin bound VctP a basic dyad
containing Arg137 and Arg270 interacts with ferric-vibriobactin, bal-
ancing its two negative charges. Arg226 and Tyr310 are absent for
the interactions between ferric-vibriobactin and VctP (Fig. 3B).
Although the conformation and the charge distribution of the
VctP binding pocket is rather similar to that of its homologous
proteins, e.g. CeuE and YclQ, a few amino acid substitutions or
Fig. 2. Crystal structure of VctP from V. cholerae. (A) Rainbow colored cartoon representation of VctP; 14 a-helices and nine b-strands are labeled. (B) Surface charge potential
drawing for VctP; red is negative and blue is positive; enterobactin was modeled into the binding pocket of VctP, enterobactin carbons represent yellow stick with the iron
atom shown as red sphere.
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olate siderophores (Fig. 1). For example, the residue Phe117 of VctP
has a potential hydrophobic interaction with the siderophore mol-
ecule; whereas the corresponding residues in CeuE and YclQ are
Gln118 and Lys104 respectively (Fig. 1). Pro136, which corresponds
to Gly137 in CeuE and Ala123 in YclQ (Fig. 1), is another VctP residue
that potentially contributes to the hydrophobic characteristic of
the binding pocket. Additionally, Lys140 in VctP may function inFig. 3. Structural analysis of binding site of VctP in stereo-view. (A) Enterobactin docked
atom shown as red sphere. Residues contributing to enterobactin stabilization are shown
and black dashed lines show potential hydrogen bonds and electrostatic interactions. (B) V
in magenta sticks, with the iron atom shown as red sphere.the hydrogen bond formation with the siderophore carbonyl
oxygen atom, which corresponds to Glu127 in YclQ. These structural
distinctions are expected to be beneﬁcial to the ligand recognition.
Although some siderophore-binding PBPs from various microor-
ganisms bind the same ligand, the size and conformation of the
binding pocket may be different, and they affect the spatial
arrangement of the siderophore ligand. For example, FeuA from
B. subtilis also binds ferric-enterobactin, but it has a deeper bindinginto the binding pocket of VctP. Enterobactin carbons are yellow sticks with the iron
as sticks, with carbons in green. Blue dashed lines represent the coordination bonds,
ibriobactin docked into the binding pocket of VctP. Vibriobactin carbons are labeled
1244 X. Liu et al. / FEBS Letters 586 (2012) 1240–1244pocket than that of VctP (Fig. S1). Moreover, Phe117 (corresponding
to Gln118 in CeuE and Met85 in FeuA) and Pro136 (corresponding to
Gly137 in CeuE and Thr104 in FeuA) add more hydrophobicity to the
binding pocket of VctP. The addition of hydrophobicity and ability
to match different number of negative charges might explain the
tolerance of VctP to the difference in iron coordination between
ferric-enterobactin and ferric-vibriobactin.4. Accession codes
The atomic coordinates and structure factors have been depos-
ited under the accession code: 3TEF in the Protein Data Bank, Re-
search Collaboratory for Structural Bioinformatics, Rutgers
University, New Brunswick, NJ (http://www.rcsb.org/).Acknowledgements
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